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The diode laser as a spectroscopic tool 
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Abtmct-T'he properties of diode lasers that make them attractive as spectroscopic sourccs are hscussed, 
along with the use of extended cavities to enhance their tuning range and reduce their lhewidths. 
Semiconductors can now provide efficient, tunable, narrow linewidth laser light over much of the red and 
near4.r. region of the spectrum. The progress in using nonhnear optics to extend the wful wavelength 
range of diodes lasers is also considered. Our recent analytical work with diode laser spectroscopy provides 
examples of their application. 

1. INTRODUC~ON AND BASIC PROPERTIES 

INHERENT low noise, low cost, tunability, and simplicity make diode lasers unique 
spectroscopic sources, and their use in this respect has been reviewed several times 
[l-51. Here we will focus briefly on general characteristics and then explore some of 
the new technologies and applications, with particular interest in spectroscopy and 
ultrasensitive detection. 

There are two main types of laser diodes available. The type we will deal with here 
are the visible and near-infrared lasers fabricated from the group 111-V semiconductor 
compounds (for example: AlGaInP, AlGaAs, InGaAs and InGaAsP). The approximate 
distribution of wavelength and power for commercial lasers of this type are shown in 
Fig. 1. The other basic type of diode lasers are commonly known as lead-salt lasers 
which operate at wavelengths between 3 and 30 pm. These lasers are distinct in that 
they are only operated at cryogenic temperatures, and are not considered here [6]. 

Although red cw diodes with nominal wavelengths as short as 635 nm are commercially 
available, there have been diode lasers developed at shorter wavelengths [7, 81. 
However, coincidences between strong atomic or molecular lines and wavelength 
ranges of available diodes remain the exception rather than the rule. The visible and 
near-i.r. diodes can be tuned roughly 3-4 nm from the nominal wavelength with a 
20°C temperature change. The tuning is in a step-wise fashion; for instance, smooth 
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Fig. 1. Commercially available cw laser diodes in the 600-1600 nm Wavelength range. The 
data bars represent families of laser products as advertised by a number of different 

manufacturers. 
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tuning for typically one fourth of a nanometer. followed by a transition (mode-hop) 
in wavelength to another mode. Tuning with injection current (-0.01 nm'mA) exhlbits 
similar behavior. and hysteresis is often observed at the mode hops in either case. 
Thus it is difficult to ensure that a given diode will reliably reach all wavelengths near 
the nominal. This problem is usually overcome by either having a sample of several 
diodes to choose from or by using optical feedback to control the lasing frequency. 
A common example of the latter method is the use of a diffraction grating in an 
extended cavity laser, as discussed in the next section. A second example is the use 
of a small mirror placed close to one of the laser facets, effectively forming an etalon 
which forces the laser to operate in a specific longitudinal mode [9]. The mode may 
then be wavelength tuned with current or temperature; success in achieving complete 
wavelength coverage near the nominal has been reported [10.11] with this technique. 

These comments on tuning apply mainly to single-mode Fabry-Perot type diodes as 
opposed to distributed-feedback (DFl3) lasers. DFB lasers have superior tuning 
characteristics (but restricted wavelength range), typically tuning - 10-12 nm with 
temperature before encountering a mode-hop. Unfortunately. they are as yet widely 
available only in the 1.3 and 1.55 pm telecommunications band wavelengths and are 
relatively expensive. 

Many of the diode lasers available now are designed to operate in a single 
longitudinal mode. This is of course preferable for absorption measurements. since 
power in side modes (off the absorption feature) does not contribute to the signal but 
does add shot noise and mode competition noise to the detected photocurrent. A 
laser running with significant power in more 'than one mode may exhibit greatly 
increased amplitude noise (AM) due to mode competition [12]. Lasers with a few 
modes running usually have the highest level of mode-partition-noise whereas those 
with either a large number of modes or one mode have low AM noise. In fact the 
detected photo-current of a typical near-i.r., single-mode laser driven with a good low 
noise current source will show amplitude fluctuations that are within a factor of 10 of 
the shot noise limit in the frequency range above 100 kHz. These low intrinsic noise 
levels are just one of the reasons that diode lasers are attractive as spectroscopic 
sources. 

Many groups have reported impressive sensitivities in detecting atoms and molecules 
by exploiting modulation techniques to take advantage of the low amplitude noise 
exhibited in the higher frequency range [1%15]. Several studies have compared 
detection sensitivities obtained at different modulation frequencies [ 16-18]. A separate 
approach is to work closer to the base-band frequency range but use negative electronic 
feedback to suppress the amplitude fluctuations inherent at the lower frequencies [ 19, 
201. With these methods it is possible to approach the shot noise limit and greatly 
enhance the signal-to-noise ratio in absorption detection. It is important to realize 
that the low intrinsic noise does not, however, mean that diode lasers are free from 
systematic amplitude changes as their frequency is swept or modulated. The linear 
power vs. current curve exhibited by diodes leads to a sloping baseline if direct 
detection is used. A more serious problem that limits detection sensitivities is the 
residual AM that accompanies frequency modulation. 

The spectral linewidth of even a typical solitary diode laser is quite narrow with 
respect to Doppler or atmospheric pressure-broadened lines. AIGaAs, near4.r. lasers 
operating well above threshold have linewidths in the 10-40 MHz range. Some high- 
power long-cavity solitary lasers have reported linewidths of a few megahertz. The 
visible AlGaInP lasers exhibit broader linewidths. typically 150 MHz. For high 
resolution work a number of methods have been developed to achieve greatly reduced 
linewidths. The most common method is to employ an extended cavity (see Section 
2), but resonant optical feedback from a confocal cavity has also been successfully 
used in a number of experiments [21, 221. Techniques to achieve substantially narrower 
linewidths than the hundreds of kilohertz afforded by standard extended cavities are 
discussed in a number of articles [23-251. 
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Fig. 2. Basic form of an extended cavity diode laser system. In t h s  example an optical grating 
in a Littrow configuration is used as a wavelength selective tuning element. A piezoelectric 
element (not shown) on the grating assembly provides for line wavelength sweeping. Angular 
sweep of the output beam with tuning is eliminated with a mirror attached at 90” to the 

grating as shown. 

2. METHODS FOR BROAD TUNING 

At NIST most of our work with diode lasers has concentrated on high resolution 
spectroscopy of narrow atomic resonances, but there is a much wider spectrum of 
applications that will require broadly tunable sources without stringent linewidth 
requirements. For most of these applications it is also necessary to reach a specific 
wavelength of interest. This may require some form of wavelength-selective optical 
feedback in order to extend and even fill in a laser’s tuning range [26]. The most 
common method is to use an optical grating for selective feedback in an extended- 
cavity-diode-laser (ECDL) configuration. An example ECDL system is shown in 
Fig. 2. Extended cavity lasers are relatively simple, and up to now many groups have 
been building these systems for their own use. The number of users and applications 
can be expected to increase as more advanced commercial diode laser sources become 
available. 

Many variations on the basic ECDL scheme are possib1e;and a variety of different 
tuning elements have been used, although gratings seem to be the most common. 
Grating tuning of 5 20 nm from the nominal diode wavelength is possible with near- 
i.r. AlGaAs lasers without changing the diode temperature. However, this represents 
rather optimum results, dependent upon the device and laser anti-reflection (AR) 
coating. A tuning range of -C 10 nm is more common. 

Other important characteristics of a diode used in an extended cavity include a 
moderate loss of power and a much narrower linewidth as compared to the solitary 
diode. The usable single-frequency, tunable output power can be as low as 30% of 
the rated single-mode diode power. This is due in part to a change in the output 
coupling, but is also often due to lower injection currents required to stay in a stable 
operating regime. The observed linewidth will depend upon the cavity length as well 
as the lasers’ environment. Although the fundamental linewidth decreases as the 
square of the cavity length, low frequency (5 100 kHz) environmental and llf noise 
soon become the dominant frequency noise contributions. This leads to observed 
linewidths that range from tens to hundreds of kilohertz depending mostly on 
construction and external perturbations. We also note, that with this sort of frequency 
fluctuations, the “linewidth” that one measures depends on the observation time of 
the measurement, and is thus somewhat ill-defined [25). 

With simple grating feedback and average anti-reflection coatings an ECDL will not 
usually tune single-frequency with no mode hops over the laser’s entire gain bandwidth. 
This is due to a number of factors, paramount of which is the residual output facet 
reflectance of the laser chip (as discussed below). For single-frequency scanning 
without mode-hops it is necessary to synchronously scan the extended cavity length 
with the pass-band of the wavelength selective element(s) (such as a grating and/or 
etalon). Several techniques that accurately change the cavity length together with the 
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grating angle have accomplished single-mode tuning over lo00 GHz [27 .  281. Again 
these are exceptional results rather than typical. which might show scanning from 10 
to 100 GHz depending on a number of factors. 

Special regimes of ECDL operation called “autostabilization” also exist [29] where 
single-mode tuning ranges of more than 20 GHz are possible with just cavity length 
changes and no change of the grating angle. This broad tuning is the result of 
semiconductor device non-linearities that help to maintain single-mode operation. We 
note that this is typical for -5-20 cm long ECDLs. and is in fact single mode scanning 
of about ten free spectral ranges of the extended cavity with no mode hops. 

ECDLs generally operate in a straight-forward. single-mode manner but it is also 
easy to reach unacceptable operating conditions (multimode or chaotic) that depend 
on parameters both internal and external to the laser. Spectroscopic applications are 
particularly sensitive to outside factors that affect the laser’s frequency, such as stray 
optical feedback, temperature and current fluctuations, and even vibrations for ECDLs. 
A more fundamental cause of instabilities in ECDLs is the fact that the laser is a 
coupled-cavity system with potentially incommensurate boundary conditions [30-321. 
In applying these lasers we have to find ways to avoid regions of instability. Three 
techniques are useful to increase the stable operating regions of grating tuned lasers: 
(1) operate at slightly lower powers, (2) use short extended cavities [33,34] and 
(3) improve the A R  coatings on the output facet so that the system is dominated by 
the grating feedback. All of these techniques are helpful in achieving broad tuning 
and stable operation even though they have the inherent disadvantages of low output 
power, broader linewidths, and complications of additional processing respectively. A 
compelling reason to strive for very low output facet reflectance (R < lo-’), is that 
with such AR coatings it is possible to obtain complete spectral coverage over the 
laser’s gain profile without having to change the laser’s temperature [35]. 

Fortunately, many of the higher power lasers that are commercially available already 
have some AR coating on their output facet. These lasers will work as supplied in 
ECDL systems, but they can also be improved. For our extended-cavity systems we 
generally add additional coatings to the output facet in order to reduce the reflectance. 
After some experience we routinely achieve facet reflectances of to-’ on ordinary 
commercial lasers. Lower reflectance is possible but is difficult to achieve because of 
a number of factors; not the least of which is the fact that we lack detailed knowledge 
of the structures and materials of specific commercial lasers. In addition, most of the 
lasers come from the manufacturers with coatings already on the facets. We typically 
find single layer U4 coatings with reflectance of -5% for high power lasers and U2 
with 30% reflectance for low power devices. These coatings are for passivation as well 
as tailored reflectance and generally make it more difficult to reach very low reflectance 
with additional coatings. Quite a lot of information on coating lasers is available in 
the literature (36-391, particularly with regard to making optical amplifiers. Our 
coatings at NIST achieve good reliable results with common optical coating materials 
(HfO,, Alz03 and SiO) and techniques (thermal, e-beam and RF-sputtering) [.lo]. 

3. HIGHER POWER AND ACCESS TO OTHER SPECTRAL REGIONS 

The main problem in using diode lasers for spectroscopic applications is the limited 
number of wavelengths that are accessible. Using only semiconductors based on various 
derivatives of GaAs and InP. the wavelength coverage could be nearly complete over 
the spectral region from 630 nm to 1.7 Fm. In practice this is not the case (see Fig. 1) 
because the manufacturers concentrate production at certain wavelengths. Other 
wavelength regions may be accessible with different semiconductor materials; for 
example blue-green diode lasers based on ZnSe have been reported recently [7]. Also 
some research laboratories have produced i.r. lasers in the 2.0-2.3 Fm region based 
on GaInAsSb [41, 42). These spectral regions will see important spectroscopic 
applications if development is successful and if there is sufficient commercial demand 
to support production. 
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An alternative to direct semiconductor sources for other spectral regions is to use 
diode lasers in conjunction with nonlinear optical techniques to generate new 
wavelengths. This requires high intensity beams and materials with large nonlinear 
coefficients. Until recently we have been limited to a few tens of milliwatts of single- 
mode power from diode lasers in the best cases. Consequently, resonant cavities are 
useful to increase the intensity and thus generate nonlinear products more efficiently. 
The future promises to make this much easier with new higher power lasers and better 
nonlinear materials. 

Two basic techniques have demonstrated high-power single-mode single-frequency 
operation of semiconductor diode lasers. These are (1) injection-locking of high-power 
broad-area lasers with a single-mode laser [43-451 and (2) single-mode master- 
oscillator-power-amplifier systems (MOPAs) [&]. The distinction between these two 
methods is just whether the power device operates above or below threshold without 
the master laser's input. Injection locking can be done with low power single-mode 
master lasers to lock the frequency of the higher power (hundreds of milliwatts) 
semiconductor laser sources. MOPA systems have been reported with pulsed outputs 
of 27 W and cw outputs of up to 2 W. At present many of these high power systems 
are relatively expensive which we expect to change with time. The question remains 
of how broad a wavelength coverage will be available with these very high power 
systems. 

There are already a few nonlinear optical techniques that work particularly well 
with diode lasers. One of these is the fortuitous match of the wavelength of the high- 
power AlGaAs lasers and 90" phase-matching in potassium niobate (KNb03) .  High 
efficiency second-harmonic generation (SHG) at fundamental wavelengths from about 
840 to 930 nm can be achieved in this material with temperature tuning of the crystal 
from about -40 to 180°C (471. As much as 40 mW of blue light has been generated 
with a diode laser and KNb03 [48]. Using less infrared power, others [49, 501 have 
reported conversion efficiencies from diode power to blue light in the range of 1-1O0/o. 
These results are consistent with our experience in using a ring buildup cavity that 
generates 30 mW of blue light at 423 nm for 150 mW of diode laser power. The main 
limitation in our system is the spqtial mode of the diode laser that limits the coupling 
efficiency of the laser into the ring. Improvements in the mode matching and laser 
power should increase the overall conversion efficiency since KNb03 is capable of 
producing much higher blue light powers [51]. 

A promising technique that has demonstrated excellent results for SHG and sum- 
frequency mixing is the fabrication of periodic domains in the crystal structure (52-541. 
This involves reversing properties of the crystal on a periodic basis, which allows the 
fundamental and harmonic waves to retain a constructive phase relationship over much 
longer distances than would otherwise be the case. Yet another approach to tunable 
blue light from semiconductor sources is to phase-match for sum-frequency mixing of 
a diode laser output with the second harmonic of a diode pumped Nd-Yag laser. 
Output powers of 4 mW at 459 nm have been demonstrated [55] in this manner, using 
a monolithic KTP resonator and approximately 30 mW of input power from each 
laser. 

Nonlinear mixing to longer wavelengths has also been recently demonstrated using 
diode lasers. Using difference frequency mixing SIMON [56] and collaborators have 
generated tunable mid4.r. light from diode lasers. The i.r. output powers are low at 
present (-3 nW), but the principle of difference frequency generation from diode 
laser sources has been proven. In this case the non-linear materials that seem the 
most appropriate are AgGaSz and AgGaSez. which can potentially cover the wavelength 
range from 4 to 18 km. 
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Fig. 3. Diode laser-enhanced ionization (LEI) signal obtained with 10 ppb of Cs in water. The 
laser was tuned to the strong peak of the Cs DZ line. The limiting background noise was 
contamination by easily ionized elements in the burner equipment, which led to an increased 

flame background current. 

4. APPLICATIONS 

4.1. Atomic spectroscopy 
The use of diode lasers as spectroscopic sources in the setting of analytical chemistry 

for trace detection of atoms has been reported by several groups. Absorption, 
fluorescence and ionization-based methods have all been demonstrated, using a variety 
of atom sources including flames [57], a graphite furnace (58, 591, a thermionic diode 
[a], a glow discharge [til], and a thermal filament [62]. 

Along these lines we have used diode lasers for the detection of trace levels of Rb 
and Cs in solutions using laser-enhanced ionization spectroscopy (LEI) in a flame. 
Our very elementary set-up consisted of a water-cooled cathode in a premixed 
air-hydrogen flame with a pneumatic nebulizer for liquid sample introduction [63, 64). 
The cathode was held at a potential of about -100 V with respect to the burner, and 
the laser beam chopped and directed through the flame. Resonant absorption on the 
S l n  to P3n transition in the alkalis changes the charge density in the flame since there 
is a differential ionization potential between the S and P states. This causes a change 
in the current flowing between the burner and the cathode, which is phase sensitively 
detected at the laser chopping frequency. 

Figure 3 shows the signal obtained with a water solution of Cs at a concentration 
of 10 ppb (an atomic density of approximately l@ cm-3 in the flame). The baseline 
is obtained by aspirating deionized water into the flame. An extended-cavity grating 
tuned laser was used, which produce 1.9 m W  of output power with a 2 mm diameter 
beam that was passed through the flame twice. In this example the use of a relatively 
narrow linewidth (-100 kHz) extended-cavity laser as opposed to a solitary diode 
laser is not significant (other than for ease of tuning) since the absorption is 
homogeneously broadened by atmospheric pressure. The laser beam was positioned 
for maximum signal, approximately one beam diameter below the flame electrode. 

Limits of detection for Cs and Rb were calculated by extrapolating the signals 
obtained for 10 ppb solutions down to the concentration that would give a signal equal 
to three times the r.m.s. noise level of the deionized water baseline. A 1 s time 
constant on the lock-in amplifier was used for these measurements. For Cs at 852 nm 
a limit of detection of 0.25 ppb was achieved. For Rb at 780 nm the limit of detection 
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was 0.3 ppb. The limiting source of noise at the detection limit was contamination by 
easily ionized elements in the burner equipment, which led to an increased flame 
background current. For both Cs and Rb, the sensitivity was diminished by the high 
fraction of normal flame ionization of these low ionization potential elements, which 
reduces the atomic fraction available for LEI. In the case of Cs, approximately 
of the population is thermally ionized before laser excitation. 

Our limit of detection for Rb compares well with that reported by HAVRILLA [65], 
using LEI in the air-hydrogen flame with a dye laser pumped by a cw krypton ion 
laser. They reported a limit of detection of 0.09 ppb, with a laser power approximately 
two orders of magnitude higher. The laser system used in that work was considerably 
more complex and expensive, requiring 30 kW of power and cooling water at 
50 1 min-’. No  comparable LEI measurement of Cs has been reported. Future 
development of LEI using diode lasers depends on expansion of wavelength availability. 
Several attempts were made to make LEI measurements of other elements using 
transitions beginning from excited states with near4.r. wavelengths where diode lasers 
were available. The very low Boltzmann population of the lower levels of these 
transitions in the flame prevented our observation of LEI. 

291 

4.2. Molecular spectroscopy 
The detection of molecular species instead of constituent atom concentrations is 

often of interest. Although in general the molecular absorption bands in the near4.r. 
are weak compared to the vibrational bands at longer wavelengths, the room 
temperature operation of the near-i.r. lasers makes them very attractive nevertheless. 
Many groups have applied the 1.3 and 1.5 pm lasers to probing various molecular 
resonances, including CH, [66, 671, G H ,  [68], COz and CO [69], NH3 and HzO [70], 
HCN [71], HDO [72] and HCl[73]. Particularly important due to its role in atmospheric 
pollution is NOz, which has been investigated by several groups [14, 15, 74, 751. 

In some on going work at NIST in collaboration with NOAA [76], red diode lasers 
are being used to detect NO3 radicals. This molecule plays an important role in 
atmospheric photochemistry. In the stratosphere its photochemistry affects ozone 
depletion, and it acts as a strong oxidizer in the troposphere. NO3 has a strong 
electronic absorption band at 662 nm that can be reached with commercial red diode 
lasers. In these experiments a solitary diode laser is used to detect the time-dependent 
concentration of NO3 in an excimer-laser photodissociation experiment. Good detection 
sensitivities are achieved with simple direct absorption measurements (noise-limited 
absorption sensitivity at DC with a 200 kHz detection bandwidth). This 
corresponds to about 5 x 1O’O NO3 molecules/cm3 and a 1 m single-pass absorption 
path length. The detection sensitivity could be improved with: subtraction of residual 
low-frequency AM noise, or high frequency modulation, or multi-passing the absorption 
cell. This experiment illustrates the potential for using very simple diode laser systems 
to detect reactive molecular species that play an important role both in the laboratory 
and in the earth’s atmosphere. 

5. SUMMARY AND PROJECTIONS 

The rapid growth in the field of diode laser spectroscopy is the direct result of the 
simplicity and good performance that can be achieved with inexpensive commercial 
semiconductor lasers. These lasers are becoming more readily available, and in addition 
we now have a better understanding of how to control them and apply them to a 
variety of scientific and technical problems. With some acknowledged limitations we 
can now have low cost, portable, tunable, low noise, narrow linewidth laser sources 
at a number of wavelengths. Very high power devices are becoming available which 
will extend the opportunities with diode lasers in part by accessing other wavelength 
regions. Important spectroscopic and analytic roles are recognized for both simple 
solitary laser systems as well as broadly tunable extended cavity laser systems. Areas 
of precision optical physics such as atomic clocks, frequency and length standards. 
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and laser cooling of atoms are also being strongly affected by diode lasers. The 
capabilities of these systems continues to increase as does the number of applications. 
The time is not far in the future that we will consider diode laser systems as standard 
research tools. 
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